Résumé. 2014 BCO and BCOE respectively. Above this phase transition a rapid endospherical reorientation is observed and relaxation time measurements yield an activation enthalpy of 7.7 ± 0.9 and 7.4 ± 0.6 kJ. mol-1 for this process in BCO and BCOE respectively. At higher temperatures molecular self-diffusion becomes the dominant controlling mechanism for T103C1 and T2. The activation enthalpy for this process is found to be 95.1 ± 2.1 and 66.8 ± 6.3 kJ.mol-1 in BCO and BCOE respectively.
and vapour pressure determinations of sublimation enthalpies [2, 3] have been reported The results of these are summarized in table I. Both compounds exhibit a « plastic » phase [4, 5] which extends over a wide temperature range. The melting entropies differ widely and there is one more phase transition reported for BCOE than for BCO [1] . This second (phase II-III) transition has a very small entropy and its occurrence might be related to the presence of impurities, as in diamantane [6] .
The molecular structure of these two compounds is roughly globular (Fig. 1) , they differ only in the existence of a double bond in BCOE. This lowers the molecular symmetry of BCOE to C2v [7] from pseudo D3h for BCO [8] . Crystal structures are known from X-ray diffraction studies on both BCO [9] [10] [11] and BCOE (this work). The main results are presented in table II. An isothermal compressibility study has also been reported for BCO [12] .
Molecular motion in the solid state of BCO and BCOE has previously been investigated by a study of n.m.r. second moment [13] and for BCOE only, by spin-lattice relaxation time measurements [14] . Below approximately 100 K the experimental second moments agree with calculated values, assuming a rigid lattice. For both compounds a large decrease in the second moment is observed before reaching the phase 11-1 transition point. In BCOE there is evidence for the beginning of a plateau region, of about 7 G2, corresponding to a reorientation of the molecule about its pseudo ternary axis [13] . No [13] (104 G = 1 T).
figures are the second moment measurements due to Darmon and Brot [13] . Both T1 and Tlp measurements exhibit discontinuities at the phase II-I transition points. In BCO the transition was observed at 162.5 ± 1 K, in good agreement with calorimetry [1] . [13] (104 G = 1 T).
Super-cooling of the high temperature phase I, by approximately 6 K below the transition temperature, was observed. In BCOE the phase 11-1 transition point was found to be at 170 ± 2 K, which is approximately 6 a) Reorientational motion. -Above the transition point, up to about 300 K, the second moment was constant in value and corresponded to fast endospherical molecular reorientation [13] . This motion manifests itself in our T1 data where, up to 380 K, we find ( Fig. 2 ) that log (T1) is independent of frequency and shows a linear dependence on 10'IT. TIp is also equal to T 1 up to 263 K. However, a much more detailed picture of that motion is now available.
In an X-ray study of the plastic phase I of BCO, Sauvajol and Amoureux [11] have shown that the molecular and crystallographic C3 axes are coincident. As required by space group symmetry, the orientational disorder among eight equilibrium positions corresponding to the four C3 crystallographic axes may be achieved by assuming 900 jumps of the molecules around the C4 crystallographic axes. Moreover, the best reliability factor was obtained for a quasi isotropic orientational distribution function around the C3 axis, indicative of a molecular motion around this axis. Recently, the results of two independent studies of the temperature dependence of incoherent quasi-elastic neutron scattering were published for phase I of BCO [15, 16] . Both were interpreted using a model in which the molecule executes 600 jumps around its principal symmetry axis together with 900 jumps around the C4 crystallographic axes. Both studies were able to distinguish the correlation times for each of the two motions and concluded that the 600 jumps are more frequent than the 900 jumps, and have a lower activation enthalpy. The ratio r4/T6 at 250 K is 5.4 according to Bee et al. [16] and 9.0 according to Leadbetter et ale [15] . The activation enthalpies deduced from these two studies are in general agreement (Table III) , but the correlation times given in [16] The rotational intra-molecular spin-lattice relaxation time depends only on the spectral densities of the auto-correlation functions of second-order spherical harmonics. For rigid molecules reorienting between equilibrium positions, these can be calculated using group theory [19] [20] [21] . For a powder sample in which the molecules perform reorientations around both fixed (crystallographic) axes and mobile (molecular) axes, the relaxation time for the intramolecular part of the dipolar interaction may be calculated using the spectral densities derived by Virlet and Quiroga [22] under the assumption that the two reorientations are uncorrelated. By applying their formulae to 0(crystallographic) x C6(molecular) reorientations, we obtain Oij is the angle between the internuclear vector rij and the molecular reorientational axis, and with N is the number of resonant spins (protons) in the molecule; y and h have their usual meaning. As in [16] we shall assume that the molecule is jumping with equal probability to next neighbour positions only, that is 600 jumps around the molecular axis and 900 jumps around any [100] direction, with correlation times T6 and 't 4 respectively. Using this simplifying assumption, and according to [22] the correlation times for each irreducible representation of the groups which appear in formula (2) [23, 24] in similar compounds.
In figure 4 , our experimental T1 are compared with T1 calculated using the correlation times T4 and T6 calculated from the incoherent quasielastic (2) and (5) (Fig. 2) . This new motion also affects T1 above 380 K when a sudden decrease is observed. Moreover, a previously The straight lines represent least square fits to the data and correspond to the Arrhenius expressions given in the text. unreported line narrowing is observed in this temperature region with a corresponding rapid increase in T2 with increasing temperature. This behaviour, which is similar to that observed in many other plastic solids, is attributed to molecular self-diffusion.
The values of Bi used satisfy the condition B, &#x3E; B,.,,. Thus a weak collision theory of nuclear magnetic spin relaxation may be used to analyse the relaxation time data. Self-diffusion in molecular crystals is thought to proceed by a vacancy mechanism [28] . We use the spectral density functions calculated by Wolf [29] [13] . Such a discrepancy is often observed in low temperature phases of molecular solids [33, 34] .
Substituting the value for M2mod(~ 11 x 10-8 T2) back into equation (9) and assuming an Arrhenius temperature dependence for 't'r of the form leads to Lr = (7.0 :t 4.0) .10-13 s. exp[(17.1 ± 1.2) kJ x mol-'IRTI.
The same model may be used to calculate T1 [31] , which is then given by Below the TIp minimum, where Wo Lr » W1 ir » 1, the ratio T1/T1p may be derived from equation (9) and (11) An X-ray diffraction study has shown that BCO phase II is hexagonal [10] although it is also possible to index the observed reflections with an orthorhombic cell [15] . Bruesch [10] (Fig. 2) when passing through the 11-1 transition and a small but clear discontinuous change in the length of the free induction decay indicate a sudden change in molecular motion at the transition point. This discontinuity is apparent on figure 5 which shows the reorientational correlation times in BCO and BCOE as a function of 103/T.
A 3-fold reorientation of the very similar BCOE molecule reduces the apparent second moment by only 12 x 10-8 T2 in accordance with theoretical calculation [13] . To [15, 16] failed to characterize molecular motion in phase II, showing the limitation of this method in the study of motions whose correlation times are greater than about 10-9 s [35] .
Below 117 K, the T1 measurements seem to be independent of frequency and their temperature dependence decreases. Tlp also exhibits a weaker temperature dependence below 91 K and relaxation would appear to be dominated by a non-reorientational relaxation process. A very similar behaviour for T1 has already been noticed in MoF6 below 170 K [36] , and it was suggested by Rigny and Virlet that the relaxation might be due to a librational motion of the molecules. If such an interpretation is to be considered, one would expect a similar behaviour (no frequency dependence of T1) in all compounds whose rigid molecule contains no small atomic groups reorienting at low temperature. Unfortunately, we are aware of very few T1 measurements at several frequencies in low temperature phases of such compounds. We note that no such behaviour is found in BCOE (this paper, § 3.3.2). Jackson [34] observed a reorientational relaxation behaviour in norbomadiene without any evidence of librational relaxation even for much longer T1. Relaxation by paramagnetic impurities has been invoked in naphthalene [37] and biphenyl [38] , but the relaxation times were much longer (-104 s) and the frequency dependence was not studied. It (Fig. 3) and is determined by this reorientation. Our T1 values, which are not expected to be frequency dependent in the region where mo 1"r 1 are only in rough agreement (within 30 %) with those of reference [14] . The temperature dependence of the reorientational correlation time is obtained using equation (1) . The second moment values calculated by Darmon and Brot [13] , M2(intra) = 12.2 x 10-8T2andM2(inter)= 6.9 x 10-8 T2 were used in equation (1) Fig. 1 ). Very little information is available on the crystallographic changes brought about by the introduction of a double bond. Our X-ray study only shows that phase I is very similar to phase I in BCO (Table II) For a single vacancy mechanism, it is expected that the activation enthalpy for self-diffusion ð.H: should be roughly twice Ls, the latent heat of sublimation [40] . Although such a relation is only an estimate, it is usually satisfied for plastic crystals with relatively high entropies of melting (i.e. AS. &#x3E; 17 J. K -1. mol-I).
Plastic crystals with lower entropies of melting (AS. 17 J . K-1. mol -1) show a progressive decrease in the ratio AHd*/Ls [41, 42] .
Since the melting entropies of BCO and BCOE (Table I) (8) and (11) . From the depth of the Tlp minimum a value for M2mOd of 6.6 ± 0.9 x 10-8 T2
is obtained, which is far less than the second moment reduction of 12.2 x 10-8 T2 observed by Darmon and Brot [13] . Substituting the value 6.6 x 10-8 T2 for
M2mod into equation (9) [14] . These authors suggest the existence of a slow reorientation by 180° around the C2 axis of the molecule. This hypothesis is not in contradiction to our relaxation time data but seems more difficult to reconcile with the second moment data of [13] . The small calorimetric A-point centred on 110.5 K does not seem to cause any discontinuity in the T1 or T1p results, nor in the second moment measurements of Darmon and Brot [13] . The Tlp results also exhibit a weaker temperature dependence at low temperatures but the change in slope (Fig. 3) occurs at 100 K. As already discussed in § 3.2.2, the low temperature behaviour of T1 seems rather different from that in BCO.
